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All known elementary particles

The existence of non-zero neutrino masses, 
inferred from neutrino oscillation measurements, 

is the only laboratory-based evidence 
of physics beyond the standard model
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The mass spectrum of the SM
(a.k.a. The flavor puzzle)

André de Gouvêa Northwestern

NEUTRINOS

HAVE MASS

10
-5

10
-4

10
-3

10
-2

10
-1

1

10

10 2
10 3
10 4
10 5
10 6
10 7
10 8
10 9

10 10
10 11
10 12

0 1 2 3 4
fermion

m
as

s 
(e

V)

t

b
τ

µ

c

s

d u

e

ν3
ν2

ν1

TeV

GeV

MeV

keV

eV

meV

[albeit very tiny ones...]

So What?

April 15, 2019 ⌫ Masses

Neutrinos are at least about 200,000,000,000 
times lighter than top quarks!

neutrino

top quark

word 
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Neutrino masses

To date, the only observation of non-zero neutrino 
masses com from oscillation physics

Why are neutrino masses special?

mailto:pmachado@fnal.gov
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Are neutrinos Majorana or Dirac fermions?

Except for neutrinos, all fermions of the 
standard model are electrically charged

Thus, there is a distinction between 
particle and antiparticle

For neutrinos, this is not obvious - 
particles could be identical to 

antiparticles, with only chirality 
distinguishing them

mailto:pmachado@fnal.gov
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Are neutrinos Majorana or Dirac fermions?

Except for neutrinos, all fermions of the 
standard model are electrically charged

Thus, there is a distinction between 
particle and antiparticle

For neutrinos, this is not obvious - 
particles could be identical to 

antiparticles, with only chirality 
distinguishing them

e ≠ ec

negative charge positive charge

ν ≠ νc ????

No charge to distinguish them
Are neutrinos Majorana particles?
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Are neutrinos Majorana or Dirac fermions?

Except for neutrinos, all fermions of the 
standard model are electrically charged

Thus, there is a distinction between 
particle and antiparticle

For neutrinos, this is not obvious - 
particles could be identical to 

antiparticles, with only chirality 
distinguishing them

L⌫ = yL̄H⌫R +M ⌫̄R⌫
c
R

m⌫ =
y2v2

M

Type-I seesaw

e ≠ ec

negative charge positive charge

ν ≠ νc ????

No charge to distinguish them
Are neutrinos Majorana particles?
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Neutrinos are only produced by weak interactions

|⌫ei = U⇤
e1|⌫1i+ U⇤

e2|⌫2i+ U⇤
e3|⌫3i

The state produced by 
weak interactions 

is a quantum superposition of 
physical states

…

Flavor eigenstates: produced by weak interactions
Mass eigenstates: physical states with well-defined mass

Quantum Mechanics 101 
Evolution of flavor state is non-trivial, leading to neutrino oscillations

Neutrino oscillations

mailto:pmachado@fnal.gov
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Birefringent crystals have different index 
of refraction for light polarized parallel or 
perpendicular to its optical axis

Neutrino oscillations
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Birefringent crystals have different index 
of refraction for light polarized parallel or 
perpendicular to its optical axis

Free Hamiltonian,
propagation of 

mass eigenstates

Production of        via 
weak CC interactions

(flavor eigenstates)

|⌫µi
Detection of        via 
weak CC interactions

(flavor eigenstates)

|⌫ei

Neutrino oscillations
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2000 2003 2004 2009

A soccer example:
Say I have been oscillating changing teams over the years

Neutrino oscillations
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2000 2003 2004 2009

A soccer example:
Say I have been oscillating changing teams over the years

In reality, 
teams propagate non-trivially 
under the free Hamiltonian 

I don’t have a team, I am a fan 
of Marta!!!

Neutrino oscillations
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2000 2003 2004 2009

A soccer example:
Say I have been oscillating changing teams over the years

Flavor eigenstates

In reality, 
teams propagate non-trivially 
under the free Hamiltonian 

I don’t have a team, I am a fan 
of Marta!!!

Neutrino oscillations

Mass eigenstate
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The neutrino sector

U =

Oscillations parametrized by 2 mass splittings, 3 mixing angles, and 1 phase

We have measured all mixings and mass splittings at 4~17% accuracy (3σ)

mailto:pmachado@fnal.gov
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The neutrino sector

U =

Oscillations parametrized by 2 mass splittings, 3 mixing angles, and 1 phase

We have measured all mixings and mass splittings at 4~17% accuracy (3σ)

Normal ordering    Inverted ordering
Unknowns: 
What is the mass ordering?
Does ν3 have more νμ or ντ?
What is the CP phase?
What is the absolute mass scale?
Are neutrinos Dirac or Majorana?
What is the mechanism of neutrino 
masses?
…
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Some theory challenges in neutrino physics

All known elementary particles
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Some theory challenges in neutrino physics

1. Neutrino interactions
2. Extracting the most out of LArTPCs: standard physics
3. Extracting the most out of LArTPCs: BSM
4. Connecting oscillation physics to other sectors
5. Connecting δcp to the matter-antimatter asymmetry

mailto:pmachado@fnal.gov
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Neutrino interactions
Expectation

mailto:pmachado@fnal.gov
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Neutrino interactions
Expectation Reality
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Neutrino interactions
Expectation Reality

DUNE

mailto:pmachado@fnal.gov
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Neutrino interactions
Expectation Reality

DUNE
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Neutrino interactions
Expectation Reality
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Neutrino interactions

We need better 
models of neutrino-
nucleus interactions!

See Nuclear and Particle Theory for 
Accelerator and Neutrino Experiments 
meeting

mailto:pmachado@fnal.gov
https://indico.fnal.gov/event/20271/
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Extracting the most out of LArTPC program
ArgoNeuT 1810.06502

ArgoNeuT demonstrated the LAr 
capability to detect 21 MeV recoil 
protons!

And sub-MeV blips!

Palamara JPS 12 010017 (2016)

Event topology carries information

What can we do with that?

mailto:pmachado@fnal.gov
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Extracting the most out of LArTPC program: Standard
DUNE
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Extracting the most out of LArTPC program: Standard
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reconstruction capabilities of LArTPC to estimate how
the future Deep Underground Neutrino Experiment
(DUNE) [22] will be able to measure sub-GeV atmo-
spheric neutrinos and extract information on �CP com-
plementary to the accelerator neutrino program. We
also comment on the impact of determining the sub-GeV
atmospheric neutrino flux in di↵use supernova neutrino
measurements and dark matter experiments.

II. PHYSICS WITH LOW-ENERGY
ATMOSPHERIC NEUTRINOS

In general terms, neutrino oscillations are driven by
a phase / (�m2

ij/eV2)(L/km)(GeV/E), where L is the
distance traveled between neutrino production and de-
tection, E is the neutrino energy, and �m2

ij ⌘ m2
i � m2

j
is the squared mass splitting. When E & 1 GeV, os-
cillations are induced largely by the aptly-named atmo-
spheric mass splitting |�m2

31| ' 2.5 ⇥ 10�3 eV2 [23, 24],
and they develop over scales L ⇠ O(RE), the radius of
the Earth. Oscillations of atmospheric neutrinos with en-
ergies 100 MeV < E < 1 GeV, are governed by both the
atmospheric mass splitting and the smaller solar mass
splitting, �m2

21 ' 7.4 ⇥ 10�5 eV2 [25–30]. In what fol-
lows, we will consider two aspects of major significance
to our analysis, CP violation and matter e↵ects. We
adopt the usual parametrization for neutrino mixing [31].
To set convention, we define the zenith angle such that
cos ✓z = �1 corresponds to neutrinos coming from di-
rectly below the detector, while cos ✓z = 0 indicates the
horizon direction.

First we discuss the e↵ects of �CP in oscillations of
sub-GeV neutrinos. In vacuum, for simplicity, the CP -
violating term in neutrino oscillation probability is given
by [32]

PCP = �8Jr sin �CP sin �21 sin �31 sin �32, (1)

which includes the Jarlskog invariant [33, 34] Jr sin �CP

(in our convention) and �ij ⌘ �m2
ijL/4E are the os-

cillation phases. Oscillations of beam neutrinos probe
the atmospheric splitting �31 ⇠ O(1), while �21 ⌧ 1.
There, the CP term is suppressed by �m2

21/�m2
31 ⇥

⇡/2 ⇠ 1/20 due to the fact that oscillations driven
by �m2

21 do not have time to develop. This yields
PCP ' �0.4Jr sin �CP sin �31 sin �32. Sub-GeV atmo-
spheric neutrino oscillations, on the other hand, probe
the solar splitting. In this case, the oscillations driven
by �m2

31,32 are fast and average out. The result-
ing factor is just 1/2, leading to a much larger CP -
violating term relative to beam neutrinos, namely PCP '

�4Jr sin �CP sin �21 with �21 ⇠ O(1).
In Fig. 1, we present three oscillation probability

curves1 as function of neutrino energy for various zenith

1
See https://imgur.com/HoWUniu for an animation of how �CP

0

0.25

0.5

0.75

1

�
P

(
�

�
!

�
�
)
�

�P (�e ! �e)� �P (�e ! �µ)� �P (�µ ! �e)�

�P (�µ ! �e)� = �P (�e ! �µ)� (�CP = 0)

cos �z = �0.25

0

0.25

0.5

0.75

1

�
P

(
�

�
!

�
�
)
�

cos �z = �0.5

0.1 1.00.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
E [GeV]

0

0.25

0.5

0.75

1

�
P

(
�

�
!

�
�
)
�

cos �z = �0.9

FIG. 1. Oscillation probabilities for ⌫e ! ⌫e (black), ⌫e ! ⌫µ
(green) and ⌫µ ! ⌫e (purple), for �CP = 3⇡/2 and various
values of the zenith angle cos ✓z as indicated. In the upper
panel we also present P (⌫µ ! ⌫e) = P (⌫µ ! ⌫e) for �CP = 0
in the upper panel (gray dashed). Earth’s matter profile was
implemented using the PREM model [35].

angles. A mild energy averaging of 10%/
p

E/GeV was
introduced which washes out unobservable fast oscilla-
tions induced by �m2

31. In black, P (⌫e ! ⌫e) is dis-
played which does not depend on �CP . For �CP = 0,
the ⌫e ! ⌫µ and ⌫µ ! ⌫e transition probabilities are
identical (upper panel, gray dashed line). The reason for
that is because these oscillations are related by T -parity
and CPT is conserved. A non-zero �CP , makes these
probabilities distinct. In all panels we show P (⌫e ! ⌫µ)
and P (⌫µ ! ⌫e) for �CP = 3⇡/2 in green and purple,
respectively. If these probabilities can be distinguished,
then the CP phase can be measured. The second feature
that stands out is the impact of di↵erent zenith angles,
which is related to matter e↵ects. We turn our attention
to them now.

The second crucial feature of sub-GeV atmospheric
neutrino oscillations are matter e↵ects. Interactions with
matter in the Earth, specifically in the dense mantle
and core, may significantly modify neutrino oscillations.
These e↵ects are quite rich and have been studied in great
depth [6–15]. Here we restrict ourselves to review some
oscillation aspects and provide a few examples.

changes oscillation probabilities as a function of zenith angle and

neutrino energy.
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Extracting the most out of LArTPC program: Standard
DUNE
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Extracting the most out of LArTPC program: Standard
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Use DUNE as a solar neutrino detector

Capozzi et al 1808.08232

Extracting the most out of LArTPC program: Standard
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Extracting the most out of LArTPC program: BSM

ν magnetic moment 

Explains MiniBooNE
Gninenko 0902.3802

mailto:pmachado@fnal.gov
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Extracting the most out of LArTPC program: BSM

ν magnetic moment 

Explains MiniBooNE
Gninenko 0902.3802

  Dark neutrinos   

Explains MiniBooNE 
Explains mν
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Extracting the most out of LArTPC program: BSM
New gauge bosons  

(e.g. Lµ-Lτ) 
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Extracting the most out of LArTPC program: BSM
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  Dark tridents   

Explains DM

de Gouvêa et al 1809.06388 

ν magnetic moment 

Explains MiniBooNE
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Extracting the most out of LArTPC program: BSM
New gauge bosons  
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Extracting the most out of LArTPC program: BSM
Millicharged particles

Magill et al 1806.03310 
Harnik et al 1902.03246

Honorary TH
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Connections to other sectors

From Tao Han’s talk @ NTN Workshop on Neutrino non-Standard Interactions
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Connections to other sectors

0.01 0.05 0.10 0.50 1 5 10
10-14

10-11

10-8

10-5

10-2

mH3 [GeV]

si
n
θ 1

co
sm
ol
og
ic
al
lim
its

K
→

�
�
�

B
→
K
�
�

K
+ → π+νν
NA62

B → K� �
Belle II

CHARM [K]

DUNE [K]

CHARM [B]
SHiP [B]

K
0 mixing

Bd mixin
gBs mixing

LH
C
LL
P
se
ar
ch
es

M
AT
H
U
SL
A

FC
C
LL
P
se
ar
ch
es

FC
C
fo
rw
ar
d
de
te
ct
or

Figure 16. A summary of the important limits and sensitivity curves in the mH3 � sin ✓1,2 plane,
extracted from Figures 6, 7, 8, 14, 15. The shaded regions are excluded. For the sensitivity contours
of LLP searches at LHC, MATHUSLA, FCC and the forward detector, the gauge coupling gR = gL.
For details, see Sections 5 and 6.

Figure 17. Collider sensitivity contours in the mH3 -mWR
plane from future LLP searches at LHC

and FCC-hh. The grey contours indicate the proper lifetime of H3 with gR = gL; for gR 6= gL, the
lifetime has to be rescaled by the factor of (gR/gL)�2.

For completeness, we also present in Appendix C an updated sensitivity study for

the displaced vertex signal in the fermion sector of the LR model, namely, from light RHN

decays. Again, this probes a region complementary to those being probed by the traditional

collider searches [17–19].

7 Light neutral scalar in U(1)B�L model

In this section, we discuss the light neutral scalar phenomenology in a simpler model based

on SU(2)L ⇥ U(1)I3R ⇥ U(1)B�L local symmetry. This U(1)B�L model can be viewed in

some sense as the “e↵ective” theory of LR model at TeV scale with the SU(2)R breaking

scale and the mass of the heavy WR bosons much higher than the TeV scale. The SM

– 32 –
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Efforts on connecting oscillations to collider, flavor, cosmology, … under the 
context of neutrino mass models and complete frameworks

Babu, Ballett, Bertuzzo, Carena, Dev, Franzosi, Frandsen, Friedland, Gonçalves, Hostert, Jana, 
Machado, Mocioiu, Mohapatra, Pascoli, Shoemaker, Thapa, Zhang, Zukanovich, …
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Connections to other sectors
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Figure 16. A summary of the important limits and sensitivity curves in the mH3 � sin ✓1,2 plane,
extracted from Figures 6, 7, 8, 14, 15. The shaded regions are excluded. For the sensitivity contours
of LLP searches at LHC, MATHUSLA, FCC and the forward detector, the gauge coupling gR = gL.
For details, see Sections 5 and 6.

Figure 17. Collider sensitivity contours in the mH3 -mWR
plane from future LLP searches at LHC

and FCC-hh. The grey contours indicate the proper lifetime of H3 with gR = gL; for gR 6= gL, the
lifetime has to be rescaled by the factor of (gR/gL)�2.

For completeness, we also present in Appendix C an updated sensitivity study for

the displaced vertex signal in the fermion sector of the LR model, namely, from light RHN

decays. Again, this probes a region complementary to those being probed by the traditional

collider searches [17–19].

7 Light neutral scalar in U(1)B�L model

In this section, we discuss the light neutral scalar phenomenology in a simpler model based

on SU(2)L ⇥ U(1)I3R ⇥ U(1)B�L local symmetry. This U(1)B�L model can be viewed in

some sense as the “e↵ective” theory of LR model at TeV scale with the SU(2)R breaking

scale and the mass of the heavy WR bosons much higher than the TeV scale. The SM
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Conclusions?

ν

Neutrinos are very much terra incognita to be explored

Several challenges for theorists!
(For experimentalists too, don’t feel left aside…)

How to model neutrino-nucleus interactions?
How to extract the most from LArTPCS?

What kind of new physics can we look for with LArTPCS?
How to relate oscillations to other observables in complete models or 

theoretically motivated frameworks?
How to connect δcp to the matter-antimatter asymmetry?
How to devise tests of the neutrino mass mechanisms?

How to improve knowledge of tau neutrinos?
How to improve tests of unitarity?

What are we missing?
What else may be hiding in the neutrino sector?
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